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ABSTRACT: Polyaniline (PANi)-grafted multiwalled carbon

nanotube (MWNT) composite is prepared by a two-step reac-

tion sequence. MWNT is first functionalized with 4-aminoben-

zoic acid in polyphosphoric acid/phosphorous pentoxide as a

‘‘direct’’ Friedel-Crafts acylation reaction medium. The result-

ant 4-aminobenzoyl-functionalized MWNT is then treated with

aniline using ammonium persulfate/aqueous hydrochloric

acid to promote a chemical oxidative polymerization, leading

to PANi-grafted MWNT composite. The resultant composite

is characterized by elemental analysis, Fourier-transform

infrared spectroscopy, wide-angle X-ray diffraction, scanning

electron microscopy, transmission electron microscopy, thermo-

gravimetric analysis, UV–vis absorption spectroscopy, fluores-

cence spectroscopy, cyclic voltammetry, and electrical con-

ductivity measurement. The thermooxidative stability and

electrical conductivity of PANi-grafted MWNT composite are

improved compared to those of PANi. Specifically, the elec-

trical conductivity of PANi-grafted MWNT is improved 10–

900 times depending upon the level of doping. The capaci-

tance of the composite is also greatly enhanced. VC 2010
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INTRODUCTION Carbon nanotubes (CNTs) have received
much interest for their uses in fabricating a new class of
advanced materials because of their unique structural,
mechanical, and electrical properties.1 Recent studies have
shown that the formation of polymer/CNT composites is con-
sidered as a viable approach for an incorporation of CNT
into polymer-based devices.2 Many polymers have been used
as matrix materials in polymer/CNT composites for various
targeted applications.3 Among these polymer/CNT compo-
sites, many reports have focused on the combination of CNT
and conducting polymers including poly(3-ethylenedioxythio-
phene)/CNT,4 poly(3-octylthiophene)/CNT,5 and poly(p-phen-
ylene vinylene)/CNT.6 The resultant polymer/CNT compo-
sites have been proposed for a wide range of applications,
including an amperometric biosensor for DNA7 and choline,8

a sensor for nitrogen oxide,9 and contact materials in plastic
electronic.10

Polyaniline (PANi) is unique among the class of conducting
polymers, because its doping level can be readily controlled
through acid doping–base dedoping processes.11 In addition,
PANi has relatively easy processability, good electrical con-

ductivity, and environmental stability.3 As a result, PANi has
been extensively studied and has the potential to be used as
component such as light-emitting or electrochromic devi-
ces,12 sensor,13 separation membranes,14 and antistatic coat-
ings.15 As the hybridization of PANi and CNT could be
expected to be more promising materials, many reports on
PANi/CNT systems have been reported for optoelectronic
and sensor applications.16 To disperse CNT and thus to pro-
vide maximum surface interactions between polymer and
CNT interfaces, hitherto, harsh chemical treatments in strong
acids such as sulfuric acid, nitric acid or their mixtures, and/
or physical treatments such as sonication have been com-
monly applied.17 These treatments work well to improve dis-
persability. Unfortunately, these approaches often result in
significant damage to the CNT framework, which involve
sidewall opening, breaking, and turning into amorphous car-
bon.18 The damage on CNT would definitely diminish their
original outstanding properties such as electrical, thermal,
and physical properties.19 In addition to the damage issue,
strong interfacial adhesion between polymer and CNT is a
prerequisite to efficiently transfer the outstanding properties
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of CNT to the supporting polymer matrix, and thus maxi-
mally enhanced properties from resultant composites can be
expected. However, most of previous approaches involve that
CNT is physically dispersed in conducting polymer matrices
with secondary interaction such as van der Waals attraction.
The interaction may not be strong enough for the ultimate
transfer of CNT properties. Thus, covalent links between CNT
and polymer matrix would be a better option.

As our initial foray into the area of CNT chemistry, the less
destructive chemical modification of various carbon nanoma-
terials via electrophilic substitution reaction in a mild poly-
phosphoric acid (PPA)/phosphorous pentoxide (P2O5) me-
dium has been developed.20 It is a so-called ‘‘direct’’ Friedel-
Crafts acylation reaction, which is advantageous over conven-
tional Friedel-Crafts acylation because most of substituted
benzoic acids can be used instead of corrosive and less com-
mercially available benzoyl chlorides. Although there is little
or no structural damage to the functionalized CNT (F-CNT)
in PPA/P2O5 medium, the covalent attachment of organics
onto the sidewall of CNT could still disrupt the electronic
continuum. Consequently, their surface electrical and thermal
conductivities could be somewhat sacrificed. To overcome
the problem, the covalent grafting of conducting polymer
onto the surface of F-CNT could be a viable approach to min-
imizing diminution of the electrical conductivity. Considering
the ample precedents, we have demonstrated that the graft-
ing of poly(phenylene sulfide) onto the surface of 4-chloro-
benzoyl-functionalized MWNT significantly enhances the
electrical conductivity of the resultant composite.21 The
hybridization of the ubiquitous conducting polymer PANi
and CNT has remained an important challenge.

Herein, we report the preparation of 4-aminobenzoyl-func-
tionalized multiwalled carbon nanotube (AF-MWNT) and
grafting of PANi onto the surface of AF-MWNT to afford
PANi-grafted MWNT composite (PANi-g-MWNT). AF-MWNT
with reactive aromatic amine groups, where PANi could be
grafted from, was prepared from the reaction between the
4-aminobenzoic acid and MWNT in the mild PPA/P2O5

medium. A subsequent chemical oxidation polymerization
between aniline as monomer and AF-MWNT was conducted
in ammonium persulfate (APS)/1 M aqueous hydrochloric
acid (HCl) to yield PANi-g-MWNT. The resultant composites
showed improved thermal stability, conductivity, and capaci-
tance compared with those of PANI homopolymer.

EXPERIMENTAL

Material
All reagents and solvents were purchased from Aldrich
Chemical and Lancaster Synthesis and used as received,
unless otherwise specified. MWNT (CVD MWNT 95 with di-
ameter of �20 nm and length of 10–50 lm) was obtained
from Hanhwa Nanotech, Seoul, Korea.

Instrumentation
Infrared (IR) spectra were recorded on Jasco FTIR 480 Plus
spectrophotometer. Solid samples were embedded in KBr
disks. Elemental analyses (EA) were performed with a CE

Instruments EA1110. Thermogravimetric analysis (TGA) was
conducted in air atmosphere at a heating rate of 10 �C
min�1 using Perkin–Elmer TGA 7. The field emission scan-
ning electron microscopy (FE-SEM) used in this work was
done using LEO 1530FE and NanoSem 230. The field emis-
sion transmission electron microscopy (FE-TEM) was done
using a FEI Tecnai G2 F30 S-Twin. The Brunauer-Emmett-
Teller (BET) surface area was measured by nitrogen adsorp-
tion–desorption isotherms using Micromeritics ASAP 2504N.
Wide-angle X-ray diffraction (WAXD) powder patterns were
recorded with a Rigaku RU-200 diffractometer using Ni-fil-
tered Cu Ka radiation (40 kV, 100 mA, k ¼ 0.15418 nm).
UV–vis spectra were obtained on a Perkin–Elmer Lambda 35
UV–vis spectrometer. Stock solutions were prepared by dis-
solving 10 mg of each sample in l L of N-methyl-2-pyrroli-
done (NMP). Photoluminescence measurements were
performed with a Perkin–Elmer LS 55 Fluorescence spec-
trometer. The excitation wavelength was that of the UV
absorption maximum of each sample. Cyclic voltammetry
(CV) experiments were performed with a 1470E Cell Test
System (Solartron Analytical, UK). The test electrodes were
prepared by dipping glassy carbon sheet into sample solu-
tion in NMP and the electrode was dried and used as work-
ing electrode. The CV experiment was conducted in 1.0 M
aqueous sulfuric acid solution with a scan rate of 10 mV s�1

and in the potential of �0.2 and 1.2 V. The three-electrode
system consisted of a glassy carbon electrode as working
electrode, an Ag/AgCl (sat. KCl) as reference electrode, and
platinum gauze as counter electrode. All potential values are
reported as a function of Ag/AgCl. The surface conductivity
(surface resistance) of samples was measured at room tem-
perature by four-point probe method using Advanced Instru-
ment Technology CMT-SR1000N with Jandel Engineering
probe. The reported conductivity values are averages of 10
measurements.

Functionalization of MWNT
Into a resin flask equipped with high-torque mechanical stir-
rer, nitrogen inlet and outlet, 4-aminobenzoic acid (10.0 g,
73 mmol), MWNT (5.0 g), PPA (300.0 g, 83% P2O5 assay),
and P2O5 (75.0 g) were placed. The flask was immersed in
oil bath and gently heated to 100 �C. The reaction mixture
was stirred at the temperature for 1 h. The reaction mixture
was then heated to 130 �C and stirred for 72 h under nitro-
gen atmosphere. The dark homogeneous mixture was poured
into water. The precipitates were collected by suction filtra-
tion and Soxhlet extracted with distilled water for 3 days
and methanol for 3 days and finally freeze-dried for 48 h to
yield 9.82 g (71.7% yield) of dark black powder. Anal. Calcd.
for C12.71H6O1N1: C, 80.89%; H, 3.21%; N, 7.42%. Found: C,
79.06%; H, 2.20%; N, 5.45%.

Synthesis of PANi Homopolymer
Into a 250-mL, three-necked, round-bottom flask equipped
with a magnetic stirring bar, a reflux condenser, and a nitro-
gen inlet, aniline (10.0 g, 0.107 mol) and 1 M HCl (120 mL)
were charged. An 80 mL of 1 M HCl solution containing APS
(30.0 g, 0.131 mol) was added dropwise into the solution
with constant mechanical stirring at the reaction
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temperature range of 0–5 �C for 1 h. The reaction mixture
was stirred for additional 6 h at 0–5 �C. The dark green pre-
cipitate was collected by suction filtration and washed with
distilled water and methanol. The resultant solids were
transferred to an extraction thimble and Soxhlet extracted
with water for 3 days and methanol for 3 days and finally
freeze-dried under reduced pressure for 48 h to yield 5.56 g
of dark green PANi powder. Found: C, 65.42%; H, 4.36%; N,
11.51%. As the level of HCl doping was unknown, the yield
and theoretical carbon–hydrogen–nitrogen (CHN) contents
could not be precisely calculated.

Model Reaction of AF-MWNT with N,N-Dimethylaniline
Into the same experimental setup and procedure for the syn-
thesis of PANi homopolymer, AF-MWNT (0.2 g), N,N-dimethy-
laniline (1.8 g, 0.015 mol), and 1 M HCl (10 mL) were
charged. A total of 1.0 M HCl solution (10 mL) containing
APS (3.0 g, 0.013 mol) was added dropwise into the suspen-
sion with constant mechanical stirring in the reaction tem-
perature range of 0–5 �C for 1 h. The reaction mixture was
stirred for additional 6 h at 0–5 �C. The black precipitate
was collected by suction filtration and washed with distilled
water. The resultant solids were transferred to a glass
extraction thimble and Soxhlet extracted with water for 3
days and methanol for 3 days. For dedoping, the thimble
was immersed into aqueous ammonia (1 M) at room tem-
perature for 24 h and then freeze-dried under reduced
pressure for 48 h. Thus, obtained was 0.17 g of black pow-
der as dedoped (4-(4-dimethylamino)phenylamino)benzoyl-
functionalized MWNT (DB-MWNT). Anal. Calcd. for C168.65
H193.19N19.82O: C, 80.58%; H, 7.75%; N, 11.04%. Found: C,
78.01%; H, 2.31%; N, 5.09%.

Grafting of PANi onto AF-MWNT
Into the same experimental setup for the synthesis of PANi
homopolymer, AF-MWNT (1.0 g), aniline (9.0 g, 96.6 mmol),
and 1 M HCl (120 mL) were charged. An 80 mL of 1.0 M
HCl solution containing APS (30.0 g, 0.131 mol) was added
dropwise into the suspension. The rest of reaction and
workup procedures were the same as the synthesis of PANi
homopolymer. The resultant dark purple-colored powder
was also freeze-dried under the reduced pressure for 48 h
to give 10.54 g of PANi-g-MWNT. Found: C, 61.29%; H,
4.57%; N, 10.85%. As the level of HCl doping in PANi was
unknown, the yield and theoretical CHN contents could not
be precisely calculated.

Dedoping of PANi and PANi-g-MWNT
As-prepared partially doped (protonated) PANi and PANi-g-
MWNT were dedoped (deprotonated) by immersion of the
samples into basic 1 M aqueous ammonia at room tempera-
ture for 24 h. Dedoped PANi and PANi-g-MWNT were col-
lected by suction filtration, washed with deionized water,
and finally freeze-dried under reduced pressure for 48 h.
PANi: Anal. Calcd. for C6H5N1: C, 79.10%; H, 5.53%; N,
15.37%. Found: C, 69.59%; H, 4.39%; N, 13.48%. PANi-g-
MWCNT: Anal. Calcd. for C164.12H127.65O1N25.53: C, 79.69%;
H, 5.21%; N, 14.45%. Found: C, 74.09%; H, 4.55%; N,
13.67%.

Doping of PANi and PANi-g-MWNT
The dedoped PANi and PANi-g-MWNT samples were doped
(protonated) by immersion in 1 M HCl at room temperature
for 48 h. The workup procedure was the same as dedoping
of PANi and PANi-g-MWNT. Found for PANi: C, 62.29%; H,
4.22%; N, 11.80%; Found for PANi-g-MWNT: C, 63.60%; H,
4.55%; N, 11.66%. The yield and theoretical CHN contents
could not be precisely calculated because the degree of dop-
ing was not known.

Blends of AF-MWNTs with PANi
AF-MWNTs (0.01 g) and dedoped PANi (0.09 g) and NMP
(10 mL) were placed in a 20-mL vial and were stirred with
magnetic stirrer at room temperature. After 24 h, they were
precipitated in deionized water. The resultant black powder
was freeze-dried for 48 h to afford PANi/MWNT. Some
PANi/MWNT samples were doped (protonated) by immer-
sion in 1 M HCl at room temperature for 48 h.

RESULTS AND DISCUSSION

Functionalization of MWNT
As described in the literature procedure,22 the functionaliza-
tion of MWNT was carried out with 4-aminobenzoic acid in
PPA/P2O5 medium at 130 �C [Fig. 1(a)]. The resultant AF-
MWNT was decorated by 4-aminobenzoyl moieties, which
could be reactive sites to graft PANi via chemical oxidation
polymerization. The CHN contents from EA (see Supporting
Information for detailed calculation) and approximate theo-
retical values are summarized in Table 1. There are noticea-
ble difference between theoretical and measured values in
the EA, which could be caused by a number of factors, such
as the relative hygroscopic nature of these chemically modi-
fied carbon nanomaterials. Given that this type of materials
is not easily quantified using destructive thermal characteri-
zation methods, the results may have overestimated the
actual extent of functionalization.

Model Reaction of AF-MWNT with N,N-Dimethylaniline
and Grafting of PANi onto the Surface of AF-MWNT
The covalent bond formation between AF-MWNT and PANi
via chemical oxidation polymerization could be conceivable
by the model reaction between AF-MWNT and N,N-dimethy-
laniline [Fig. 1(b)].

To graft PANi onto the surface of AF-MWNT, aniline was
treated with AF-MWNT (10 wt %) in APS/1 M HCl at 0–5 �C
[Fig. 1(c)]. The resultant composite, PANi-grafted MWNT
(PANi-g-MWNT), was prepared and it was expected to show
improved solution and solid-state processability as well as
enhanced conductivity. As the reference material, the PANi
homopolymer was prepared in the same reaction condition
as described in Figure 1(d).

Solubility
PANi was soluble well in trifluoroacetic acid (CF3COOH),
phenol, tetrahydrofuran (THF), carbon disulfide (CS2), and
polar aprotic solvents such as N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMAc), dimethyl sulfoxide
(DMSO), and NMP. The solutions of PANi showed various col-
ors such as light yellow, blue, and light green depending

ARTICLE

PREPARATION OF PANI-GRAFTED MWNT COMPOSITE, JEON ET AL. 3105



upon solvent used. Although the PANi-g-MWNT was not
completely soluble in all of aforementioned solvents, the so-
lution colors turned to light black in CF3COOH, light yellow
in phenol, and blue in NMP, which indicated that the sample
was quite soluble in these solvents.

FTIR Study
To exclude unexpected variables, all samples were thor-
oughly worked up with a Soxhlet extraction in water for 3
days to remove any residual reaction medium and in metha-

nol for 3 days to get rid of low-molecular-mass impurities
such as unreacted N,N-dimethylaniline for DB-MWCNT, 4-
aminobenzoic acid for AF-MWNT, and aniline for both PANi
and PANi-g-MWNT.

To verify the covalent attachment of 4-aminobenzoyl moi-
eties, FTIR is a commonly used and powerful tool for this
purpose. The existence of sp2CAH and sp3CAH stretching
bands at 2969 cm�1 attributable to the defects at sidewalls
and open ends of MWNT was previously reported.23 The

TABLE 1 Elemental Analysis of Samples

Sample Condition EF FW (g mol�1) C (%) H (%) N (%)

AF-MWNT As-prepared C12.71H6NO 188.76 Calcd. 80.89 3.21 7.42

Found 79.06 2.20 5.45

DB-MWNT As-prepared NA NA Found 78.01 2.31 5.09

Dedoped C168.65H193.19N19.82O 2514.0 Calcd. 80.58 7.75 11.04

Found 78.01 2.31 5.09

Doped NA NA Found 79.00 2.29 5.04

PANi As-prepared NA NA Found 65.42 4.36 11.51

Dedoped C6H5N 91.11 Calcd. 79.10 5.53 15.37

Found 69.59 4.39 13.48

Doped NA NA Found 62.29 4.22 11.80

PANi-g-MWNT As-prepared NA NA Found 61.29 4.57 10.85

Dedoped C164.12H127.65N25.53O 2473.5 Calcd. 79.69 5.21 14.45

Found 74.09 4.55 13.67

Doped NA NA Found 63.60 4.55 11.66

EF, empirical formula; FW, formula weight; NA, not applicable.

FIGURE 1 (a) Functionalization of

MWNT in PPA/P2O5, (b) grafting

of N,N-dimethylaniline onto the

surface of AF-MWNT in APS/HCl

(1 M), (c) grafting of PANi onto

the surface of AF-MWNT in APS/

HCl (1 M), and (d) polymerization

of aniline in APS/HCl (1 M). The

structure for functionalized and

PANi-g-MWNT is idealized for

easy visualization of the concept

present here. [Color figure can be

viewed in the online issue, which

is available at www.interscience.

wiley.com.]
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defects, which were primarily responsible for the ‘‘direct’’
Friedel-Crafts acylation, are originated during the synthesis
of MWNT from hydrocarbon feedstock.20 However, some
complex and destructive addition reaction could not be
excluded for the effective functionalization of CNT, because a
model study on defect-free fullerene (C60) under the same
reaction conditions has demonstrated that such regioselec-
tive, destructive addition reaction leading to Friedel-Crafts
acylation products could occur.24

The FTIR spectrum [Fig. 2(b)] obtained from the resultant
model compound (DB-MWNT) shows a much stronger
sp3CAH peak at 2924 cm�1 compared to that of AF-MWNT
[Fig. 2(a)]. The aromatic keto-carbonyl (C¼¼O) peak at 1644
cm�1 confirmed that MWNTs were successfully functional-
ized with 4-aminobenzoyl moieties to yield AF-MWNT.

The PANi homopolymer displayed the characteristic bands of
secondary amine (NAH) at 3226 cm�1, the C¼¼C stretching
deformation of the quinoid at 1585 cm�1, benzenoid rings at
1504 cm�1, and the CAN stretching of the secondary aro-
matic amine at 1304 cm�1 [Fig. 2(b)]. The PANi-g-MWNT
displayed almost identical characteristic bands at 3231,
1583, 1497, and 1304 cm�1. Compared to the number of
PANi repeating units in PANi-g-MWNT composite, the relative
population of C¼¼O groups was too low to be clearly
detected, because they were only located at the covalent
junction between AF-MWNT and PANi.

Wide-Angle X-Ray Diffraction
To determine the morphologies of AF-MWNT, PANi, and
PANi-g-MWNT, as-prepared powder samples after Soxhlet
extraction were subjected to WAXD scans. The AF-MWNT
displayed d-spacing values at 2.10 (2h ¼ 43.12�), 3.47 (2h ¼
25.65�), and 4.33 Å (2h ¼ 20.48�). The peak at 3.47 Å corre-
sponds to wall-to-wall distance of MWNT [Fig. 3(a)]. The
PANi showed a broad amorphous peak with relatively
weaker crystalline peaks at 2h ¼ 19.74� and 25.52� [Fig.
3(b)]. It was an indication that major portion of PANi homo-
polymer was comprised of an amorphous phase. It has been
reported that the dedoped PANi in base form exhibited dif-

ferent structural characteristics.25 Its diffraction patterns
show semicrystalline nature with one very distinct Bragg’s
peak at 2h � 19� and two less intense peaks at 2h � 24�

and 31�.25 That means the dopant should affect the crystal
structure and crystallinity of PANi. It has also been reported
that the crystallinity of PANi is increased after doping with
HCl.26 Therefore, although it could not be completely
removed, lower crystallinity of PANi in this study implied
that the significant amount of bound HCl during the poly-
merization was removed during Soxhlet extraction for sev-
eral days with distilled water and methanol (see Experimen-
tal section).

The PANi-g-MWNT displayed three peaks at 2h ¼ 14.59�,
20.17�, and 24.97�. This means that crystallinity was present
even after most of HCl dopant had been removed during the
course of Soxhlet extraction. The much higher crystallinity of
PANi-g-MWNT than that of PANi could be due to MWNT,
which could act as nucleation sites for PANi. The new peak

FIGURE 2 FTIR (KBr pellet) spectra: (a) MWNT, AF-MWNT, and DB-MWNT and (b) PANi and PANi-g-MWNT. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]

FIGURE 3 WAXD patterns: (a) AF-MWNT, (b) PANi, and (c)

PANi-g-MWNT. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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at 14.59� [Fig. 3(c)] is related epitaxial crystal growth onto
AF-MWNT. The relatively poor solubility of PANi-g-MWNT
could also contribute to a result of the higher crystallinity of
PANi in it.

Scanning Electron Microscopy
In comparing the SEM results depicted in Figure 4, the SEM
image of pristine MWNT shows that the tubes have relatively
seamless and smooth surfaces [Fig. 4(a)] before chemical
modification. The average diameter of pristine MWNT is 10–
20 nm. The diameters of AF-MWNT, DB-MWNT, and PANi-g-
MWNT are clearly larger than that of pristine MWNT, most
probably because of covalently anchored chemical moieties
and some small-scale bundling (Fig. 4). The average diameter
of AF-MWNT is �40 nm, which is much larger than pristine
MWNT (10–20 nm) [Fig. 4(b)]. As the relatively smaller size
of 4-aminobenzoyl (�0.7 nm, based on molecular mechanics
modeling) does not account for the apparently large increase
in the diameter (�20–30 nm) of AF-MWNT, we suspect that
the polar nature of 4-aminobenzoyl pendants might, which
could form much stronger lateral interaction along AF-
MWNT, have encouraged the formation of small bundles of
AF-MWNT comprising four to seven individual AF-MWNT
tubes.22(c) In the case of DB-MWNT, the average diameter is
about 50 nm [Fig. 4(c)]. The core-shell structure of DB-

MWNT was observable in high-magnification SEM images
[Fig. 4(d), arrows]. The inner hard core was noted to be of
the order of 10–20 nm, which is closer to the diameter of
pristine MWNT. The outer soft shell structure is most likely
due to the (4-(4-dimethylamino)phenylamino)benzoyl moiety
that has uniformly covered the surface of AF-MWNT. The av-
erage diameter of PANi-g-MWNT is �200 nm, which is much
larger than pristine MWNT as well as AF-MWNT. These
results agree with the notion that PANi has been grafted
onto the surface of AF-MWNT. In addition, the surface of
PANi-g-MWNT is covered with many protrusions, which
must be PANi crystals [Fig. 4(e)]. In the case of PANi homo-
polymer, nanosized rods and irregular particles coexisted
because of rigid-rod nature of PANi chains and secondary
growth of PANi [Fig. 4(f)].27 As PANi-g-MWNT did not show
any irregularly formed, independent particles, it is postulated
that AF-MWNT nucleation must have prevented the genera-
tion of these irregular PANi particles. The overall SEM
results further support that PANi has been covalently grafted
onto the surface of AF-MWNT.

To compare with PANi-g-MWNT, the AF-MWNT blended with
PANi (PANi/MWNT) was prepared by physical blend of PANi
and AF-MWNT in NMP. The SEM images obtained from
PANi/MWNT (Fig. 5) show the clear difference from PANi-g-

FIGURE 4 SEM images: (a) as-received

MWNT (100,000�), (b) AF-MWNT

(100,000�), (c) DB-MWNT (50,000�), (d)

DB-MWNT (100,000�), (e) PANi-g-MWNT

(100,000�), and (f) PANi (100,000�). Scale

bars are 100 nm.
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MWNT [Fig. 4(e)]. Although the PANi/MWNT blend system
shows that AF-MWNT is dispersed well into PANi matrix, the
average diameter of PANi/MWNT is much smaller at 40 nm,
which is close to that of AF-MWNT [Fig. 5(a,b)]. The result
supported that AF-MWNT in the blend system did not serve
as nucleation agent to PANi. In turn, the result implied that
AF-MWNT in PANi-g-MWNT indeed provided its surface as
nucleation sites.

Transmission Electron Microscopy
To further assure that MWNT remained intact during the
reaction and workup sequence and also to verify the cova-
lent attachment of PANi onto the surface of MWNT, TEM
study was conducted. For the TEM sample, PANi-g-MWNT
was dispersed in NMP; a carbon-coated copper grid was
dipped into this mixture and taken out to dry in a vacuum
oven. The TEM images of PANi-g-MWNT show that the AF-
MWNT was heavily decorated with PANi [Fig. 6(a)]. Further-
more, the distinct graphitic planes from the MWNT frame-
work at higher magnification implicate that MWNT was not
damaged during the grafting polymerization reactions and
workup process [Fig. 6(b)]. The unique microscopic results
from SEM and TEM explained that the two reaction condi-
tions applied in this work are indeed effective for the func-
tionalization and grafting of MWNT. Hence, it could be con-
cluded that PANi was efficiently grafted onto the surface of
the AF-MWNT to afford PANi-g-MWNT composite.

BET Surface Area
For the BET surface measurements, the PANi and PANi-g-
MWNT were dedoped to minimize the effect of dopants. The

powder samples were degassed under vacuum at 100 �C
before measurement. The BET surface areas of PANi and
PANi-g-MWNT were 65 and 52 m2 g�1, respectively, (Table
2). The surface area of PANi-g-MWNT was almost 19% lower
than PANi. This could be due to a more compact morphology
of PANi-g-MWNT, which also showed higher crystallinity.
Both WAXD and SEM results [see Figs. 3 and 4(e), respec-
tively] support that AF-MWNT served as both grafting and
nucleating sites for PANi, which covalently linked and crys-
tallized on AF-MWNT surface. The uniform grafting and
nucleation also suppressed the formation of irregular PANi
particles.

Thermooxidative Stability
The thermooxidative stability of different powder samples in
air was studied using TGA. The weight loss of AF-MWNT
was �49% around 660 �C, where the two curves of pristine
MWNT and AF-MWNT intersected (Fig. 7). It strongly
implied that tremendous amount of 4-aminobenzoyl moieties
was covalently attached to the surface of AF-MWNT. In the
cases of PANi and PANi-g-MWNT, to eliminate the effect of
volatile HCl at elevated temperature, both samples were con-
verted into the base form by immersing them into 1 M aque-
ous ammonia solution and dried before they were subject to
TGA measurement. As shown in Figure 7, the PANi and
PANi-g-MWNT displayed that the temperature at which 5%
weight loss (Td5%) in air occurred at 258 and 333 �C, respec-
tively. The char yields of those in air at 800 �C were almost
0% for both samples. The thermooxidative stability of PANi-
g-MWNT was �75 �C higher than that of PANi homopolymer.

FIGURE 5 SEM images of PANi/

MWNT blend system: (a)

30,000� and (b) 100,000�.

FIGURE 6 TEM images of PANi-

g-MWNT: (a) 50,000� and (b)

150,000�.
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UV–Vis Absorption and Emission Behaviors
UV–vis absorption and emission measurements were con-
ducted to study the interfacial interaction between PANi and
MWNT. Stock solution (10 mg L�1) of each sample was pre-
pared in NMP. The UV absorption of PANi showed two peaks
at 317 and 618 nm. Both peaks are related to the p ! p*
transition of benzenoid ring and quinoid ring in PANi,
respectively, which are identical to those of dedoped PANi.28

These results agree with WAXD results that most of HCl was
removed (dedoped) from both PANi and PANi-g-MWNT dur-
ing Soxhlet extraction. Compared to the PANi homopolymer,
which showed peak maxima at 317 and 618 nm, the peaks
from PANi-g-MWNT red-shifted by 6 and 11 nm and showed
maxima at 323 and 629 nm, respectively [Fig. 8(a)]. This
implies that there is a strong interaction between PANi and
MWNT, and PANi is covalently grafted onto the surface of
AF-MWNT.

Fluorescent measurements of the samples were conducted
using the applied excitation wavelength corresponding to UV
absorption maximum of each sample. The emission maxima
of PANi and PANi-g-MWNT were at 402 and 404 nm, respec-
tively [Fig. 8(b)]. Both peaks were almost identical, which
could be due to the fact that PANi was uniformly grafted
onto the surface of AF-MWNT. A uniform covalent coating of
PANi suppressed the MWNT influence at excited state. If
MWNT and PANi were physically aggregated by intermolecu-
lar p–p interaction in solid state and were segregated in so-
lution, the emission intensity of PANi-g-MWNT would be

much weaker or the peak location should be significantly
shifted. This is due to the fact that CNTs can act as strong
excimer quenchers and light absorbers.29

TABLE 2 BET Surface Area, Pore Volume, and Average Pore

Size of PANi and PANi-g-MWNT

Sample

Surface

Area

(m2 g�1)

Pore

Volume

(mL g�1)

Pore

Size (Å)

Dedoped PANi 64.6 0.00381 144

Dedoped PANi-g-MWNT 52.3 0.01011 200

FIGURE 7 TGA thermograms of samples in air with a heating

rate of 10 �C min�1.

FIGURE 8 UV–vis absorption and emission spectra of PANi and

PANi-g-MWNT: (a) absorption and (b) emission.

FIGURE 9 Cyclic voltammograms of PANi and PANi-g-MWNT

in 1.0 M H2SO4 aqueous solution. Scan rate is 10 mV s�1.
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Cyclic Voltammetry
CV has generally been used to investigate the electrochemi-
cal properties of conductive materials. PANi and PANi-g-
MWNT were characterized by CV using a three-electrode
electrochemical cell. During the first scan of PANi, the broad
oxidation and reduction (redox) peaks were observed at
about 0.78 and �0.06 V versus Ag/AgCl, respectively (Fig.
9). These values are related to the redox of the PANi from
emeraldine state to pernigraniline state.30 The output cur-
rent of PANi-g-MWNT was observed to be much larger that
of pure PANi. The PANi-g-MWNT displayed well-behaved re-
dox process from the first to ninth scan (see arrows). The
capacitance was estimated from the output current divided
by the scan rate. The specific capacitance of PANi-g-MWNT
was found to be much larger than that of pure PANi.
Although the surface area of PANi-g-MWNT was smaller than
that of pure PANi homopolymer (see Table 2), the improve-
ment in specific capacitance can be attributed to the good
conductivity of MWNT. The results suggest that ion inclusion
and exclusion in PANi-g-MWNT were much more effective
during the redox process.

Electrical Conductivity
All test specimens were prepared by compression molding at
high pressure (60 MPa). The conductivity at room tempera-
ture was measured at 10 different locations and averaged.
The values were determined using the following equation r
¼ 1/(q*cf*d), where r, q, cf, and d are the conductivity, the
resistivity, the correction factor (4.340), and the sample
thickness, respectively.31 The conductivity of as-prepared
PANi-g-MWNT after Soxhlet extraction was 1.88 � 10�3 S
cm�1. This is �900 times higher than the value obtained
from as-prepared PANi homopolymer (Table 3). Both values
indicate that a trace amount of HCl may still remain in the
matrices and play as a dopant. However, WAXD and UV
results have indicated that HCl was almost completely
removed during Soxhlet extraction. After measuring the con-
ductivities of as-prepared PANi and PANi-g-MWNT, the sam-
ples were converted into the base form by treatment with 1
M aqueous ammonia. The conductivities of dedoped PANi
and PANi-g-MWNT were out of detection limit (1 � 10�6 S

cm�1). These results further implicate the existence of resid-
ual dopants because the conductivity of dedoped PANi is
generally in the range of 10�5 to 5 � 10�6 S cm�1. The
dedoped PANi and PANi-g-MWNT were doped by immersion
into 1 M aqueous HCl solution and dried. The redoped PANi-
g-MWNT displayed a good conductivity of 1.01 � 10�1 S
cm�1, which was in the semimetallic region. This value was
�10 times higher than the conductivity of redoped PANi
(1.09 � 10�2 S cm�1). Thus, the conductivity of PANi was
significantly improved by grafting onto the surface of MWNT.
This is due to the fact that the charge transfer from electron-
rich PANi to electron-deficient MWNT is quite efficient.3,32

Similar result was recently reported by Lee and coworkers
that an in situ nanocomposite containing 10 wt % CO2H-
functionalized MWNT and PANi doped with dodecyl sulfate
and prepared via an emulsion polymerization of aniline
showed an electrical conductivity of 2.72 � 10�1 S cm�1.33

CONCLUSIONS

The MWNT was first functionalized with 4-aminobenzoic
acid to afford AF-MWNT, which was subsequently grafted
with PANi via an in situ polymerization to generate a PANi-g-
MWNT nanocomposite. The resultant materials (AF-MWNT,
PANi, and PANi-g-MWNT) were studied with various analyti-
cal techniques such as FTIR, WAXD, SEM, TEM, TGA, UV–vis,
and fluorescence spectroscopy. From the CV and conductivity
measurements, PANi-g-MWNT displayed significantly
improved conductivity and capacitance over PANi homopoly-
mer. Thus, we demonstrated that the two-step reaction
sequence for the Friedel-Crafts functionalization of MWNT
and the subsequent grafting of PANi onto the surface of AF-
MWNT are indeed a feasible approach to hybridization of
carbon-based nanomaterials and functional polymers. Our
approach could be viewed as a comparable route to the in
situ emulsion polymerization of aniline in the presence of
carboxylic acid–functionalized MWNT recently reported by
Lee and coworkers.33 As a result, it is a reasonable expecta-
tion that synergistic enhancement could be obtained from
the special attributes of each component, leading to the de-
velopment of a new class of advanced materials for various
electronic and optoelectronic applications. And also, we sup-
posed that if new hybridized materials, which are made by
Friedel-Crafts functionalization and grafting of polymers with
CNT as conductive dopants, will display better conductivity.
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